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FOREWORD 

The work reported herein was done at the request of the National 
Aeronautics and Space Administration (NASA), Marshall Space Flight 
Center (MSFC),  under System 92IE. 

The test results presented were obtained by ARO, Inc. (a sub- 
sidiary of Sverdrup & Parcel and Associates, Inc.),  contract operator 
of the Arnold Engineering Development Center (AEDC), -Air Force 
Systems Command (AFSC), Arnold Air Force Station,  Tennessee, 
under Contract F40600-69-C-0001.    The work was conducted under 
ARO Project No. PB1963 from September 9 to 10,   1969, and the manu- 
script was submitted for publication on December 5,  1969. 

Information in this report is embargoed under the Department of 
State International Traffic in Arms Regulations.   This report may be 
released to foreign governments by departments or agencies of the 
U. S. Government subject to approval of Arnold Engineering Develop- 
ment Center (AETS), or higher authority within the Department of the 
Air Force.    Private individuals or firms require a Department of 
State export license. 

This technical report has been reviewed and is approved. 

George F. Garey Roy R. Croy, Jr. 
Lt Colonel,   USAF Colonel,  USAF 
AF Representative,  PWT Director of Test 
Directorate of Test 
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ABSTRACT 

An investigation was conducted to evaluate the fluctuating pressures 
in the AEDC PWT 16-ft transonic wind tunnel circuit.   Test results were 
obtained over a Mach number range from 0. 6 to 1.3 and a unit Reynolds 
number range from 1.8 to 6.8 million.   The influence of Mach number, 
total pressure,  total temperature,  and (auxiliary) plenum suction on the 
test section fluctuating pressures was determined.   In addition,  a com- 
parison of the Tunnel 16T fluctuating pressures with those of the AEDC 
PWT 4-ft transonic tunnel and the NASA-Huntsville 14-in. transonic tun- 
nel is made.   A critical Mach number range was defined near a Mach 
number of 0. 75.    The maximum root-mean-square fluctuating pressure 
in the test section was 3. 5 percent of the free-stream dynamic pressure 
in the critical Mach number range.   The source of this maximum fluc- 
tuating pressure did not appear to be controlled by the compressor.   The 
free-stream fluctuating pressure was found to vary inversely with the 
total pressure and to be relatively invariant with total temperature and 
auxiliary plenum suction. 

This docum$Bfc--is<vsubject to special export controls 
and eacjrfransmittal to foreign eoyefnmfents or foreign 
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leeringVpevsiopment Center (AETS), 
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SECTION I 
INTRODUCTION 

An evaluation of the fluctuating pressures in the Propulsion Wind 
Tunnel,  Transonic (16T) of the Propulsion Wind Tunnel Facility (PWT) 
has been conducted.   The objective of the evaluation was to determine 
the influence of Mach number, total pressure, temperature,  and auxil- 
iary plenum suction on the test section fluctuating pressure levels. 
Previous investigations in Tunnel 16T (Refs.   1 and 2) were limited to 
measurements at select locations in the test section region only.    The 
present investigation included measurements in the test section and 
around the entire tunnel circuit as well.    In addition, the test section 
region was more extensively instrumented for the present study.   Suffi- 
cient data were also obtained to make a direct comparison of the fluc- 
tuating pressure environment in Tunnel 16T with that in the Propulsion 
Wind Tunnel,  Transonic (4T) (Ref.   3) and in the NASA-Huntsville 14-in. 
tunnel (Ref.  4). 

A 10-deg cone with microphones and transducers was used to meas- 
ure the fluctuating pressures in the region of the test section centerline. 
Additional microphones were located on the test section wall,   around 
the tunnel circuit,  and in the compressor region.    Tunnel conditions 
were varied over a Mach number range from 0. 60 to 1. 30 and a unit 
Reynolds number range from 1. 8 to 6. 8 million. 

This report presents the results of this investigation in the form of 
the measured overall root-mean-square (rms) levels as a function of 
Mach number,  total pressure,  total temperature,   and plenum weight flow. 

SECTION II 
APPARATUS 

2.1   TUNNEL 16T DESCRIPTION 

Tunnel 16T is a variable density,  continuous flow wind tunnel.    The 
test section is 16 ft square by 40 ft long and enclosed by perforated 
walls of fixed six-percent porosity.    The perforated walls allow con- 
tinuous operation through the Mach number range from 0. 20 to 1. 60 
with minimum wall interference.   A section of the perforated walls and 
the geometry details of the holes are shown in Fig.  1 (Appendix).   A 
more complete description of the tunnel may be found in Ref.  5. 
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2.2 CALIBRATION BODY 

The free-stream centerline fluctuating pressures were measured 
with an instrumented 10-deg cone shown installed in the test section in 
Fig.  2.    The cone was instrumented with three different types of pres- 
sure transducers or microphones:   Kulite model CPL-070-4 with a 
frequency response from 20 Hz to 10 kHz, Schaevitz-Bytrex model HFD 
with a frequency response from 0 to 4 kHz,  and Kistler model 601L with 
a frequency response from 100 Hz to 100 kHz.    The cone had sym- 
metrical longitudinal flats which were machined on the top and bottom 
areas of the cone to allow for flush mounting the transducers.    The in- 
cluded angle between the symmetrical flats was 9. 24 deg.   The geometry 
details of the 10-deg cone and the location of the transducers are shown 
in Fig.  3.   The various mounting arrangements for the transducers are 
shown in Fig. 4. 

The 10-deg cone has become the standard calibration body in PWT 
for the evaluation of wind tunnel disturbances.    Although it is recognized 
that aerodynamically a more slender body is preferred,  a 10-deg cone 
is about the minimum angle that will allow the installation of instrumen- 
tation in the interior of the cone.   A previous study in the PWT Tun- 
nel 16T (Ref.  2) plus studies in the PWT Tunnel 4T (Ref.  3) and in the 
NASA-Hunts ville 14-in. tunnel (Ref.  4) were all conducted using a 
10-deg cone of identical geometry.    Thus,  comparative data between 
wind tunnels are now available. 

2.3 INSTRUMENTATION 

In addition to the previously discussed instrumented 10-deg cone, 
the test section wall, the plenum chamber, the tunnel circuit,  and the 
compressor were instrumented with Kistler model 601L 0. 25-in. micro- 
phones, as shown in Fig. 5.   A tabulation of the location of transducers 
throughout the tunnel circuit is included in Fig.  5.    The manufacturer's 
specified frequency response is from 100 Hz to 100 kHz.    The mounting 
arrangement for all microphones, exclusive of those on the cone, is 
shown in Fig. 6.   The tunnel circuit and compressor microphones were 
flush mounted on the bottom portion of the tunnel shell.   The mount was 
electrically isolated from the shell to minimize 60-Hz pickup.    A flush- 
mounted microphone was also located in the compressor discharge 
nacelle.    The test section wall microphone was positioned in the center 
of a locally solid region of the wall by filling and sanding smooth a 
radius of porous holes around the microphone.    The radius was approxi- 
mately 40 microphone diameters.   This installation technique precluded 
the measurement of purely near-field influence of the most adjacent 



AEDOTR-70-7 

upstream hole and allowed for the measurement of what might be con- 
sidered as the radially integrated average value of pressure fluctuations 
at the wall surface. 

The buried microphone (Fig.  6) was included for the evaluation of 
the structureborne vibration environment at each measurement location. 

•It was determined, however, that the buried microphone was not acous- 
tically isolated and thus could not be considered as having a structure- 
borne vibration-induced output only. 

All microphones and pressure,transducers were calibrated with a 
reference sound-pressure-level (Lp) of 160 db at 1000 Hz.   The standard 
for this calibration is directly traceable to the National Bureau of 
Standards.   The output of all channels was recorded on a multiplexed, 
FM magnetic tape system for future analysis.    The frequency passband 
of the tape system was from 0 Hz to 7. 5 kHz,  and this established the 
upper frequency limit for the data acquisition system.   All channels 
were monitored with an oscilloscope and headset during the test.   In addi- 
tion, selected channels were analyzed on line using a digital real time 
power-spectral-density analyzer.    The output of this analyzer was dis- 
played on a cathode ray tube (CRT). 

SECTION III 
TEST DESCRIPTION 

3.1  TUNNEL OPERATING CONDITIONS 

The stated objectives of the subject investigation were achieved by 
carefully selecting and judiciously varying the tunnel operating condi- 
tions.   In so far as was possible, the tunnel conditions were varied so 
that the influence of a single parameter could be isolated.   The variation 
of Reynolds number with Mach number,  total pressure,  and tempera- 
ture is presented in Fig.  7.    The tunnel background noise levels were 
measured during wind-off runs before the test and were found to be low 
enough to be neglected. 

3.2 DATA REDUCTION 

The on-line data reduction included a tabulation of the tunnel con- 
ditions and of 12 channels of overall rms measurements.    The output 
of 12 selected microphones was integrated, then averaged with a 
2. 5-sec time constant network and converted to a direct current (dc) 
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magnitude using PWT-designed rms to dc converters.    The analog out- 
put of the converters was then digitized using the conventional tunnel 
data acquisition system.   The passband for the on-line overall rms 
measurements was equal to that of the selected microphone and trans- 
ducer channels alone. 

The off-line data reduction consisted of the determination of the 
overall rms levels recorded on magnetic tape.    The passband for the 
off-line analysis was limited by the tape system to 0 to 7. 5 kHz.   A 
comparison of the on-line and off-line data levels from the same test 
point reveals a difference of less than 10 percent.    This indicates that 
the energy spectra was concentrated in the 0- to 7. 5-kHz region, a fact 
that was verified by the on-line digital spectrum analyzer. 

The amplitude scale of the rms pressure levels is given in terms 
of the fluctuating pressure parameter (ACp),  in percent, of qo and de- 
fined as: 

ACp =^ä(ö/qj x 100 (1) 

where the overbar represents the time average,  and qB is the average 
value of the test section free-stream dynamic pressure. 

When the 10-deg cone is exposed to a moving medium,  a pressure 
gradient develops on the surface of the cone,  and the transducers are 
thus influenced by both the static and the total pressures.   If the medium 
is at rest, however, or the cone moves with the medium, then the true 
static pressure (ps) and acoustic pressure (p(t)) are measured.   Thus 
the 10-deg cone data should be corrected for the total pressure effects 
and the pressure distribution on the cone.    Such a correction would 
determine the true acoustic pressure and also allow the comparison of 
data from different angle cones.   The need for such a correction to the 
data is discussed in Ref.  6.   However, since the data presented from 
the previous studies were not corrected and it is intended to compare 
these data with the present data,  a correction factor has not been ap- 
plied to the 10-deg cone levels. 

3.3  PRECISION OF MEASUREMENTS 

The estimated errors in the steady-state, tunnel condition data as 
a result of instrumentation and calibration inaccuracies are as follows: 

MM = +0.003 (0.6 < M^ 1.1) 
±0.010 (M^ >  1.1) 

q«, = ±4 psf 
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The accuracy of the fluctuating pressure data as a result of instru- 
mentation and calibration errors is estimated for the microphones to 
be limited to ±0.4 db in absolute value. 

SECTION IV 

RESULTS AND DISCUSSION 

The data presented in this report are representative of the Tun- 
nel 16T environment and are intended to reveal the influence of the 
various wind tunnel parameters on the overall rms ACp levels in the 
test section free stream. The discussion of the data will emphasize 
how the Tunnel 16T ACp characteristics vary rather than why. Data 
points are connected with straight lines to indicate the grouping of the 
same set only. 

The variation of the pressure parameter (ACp) with Mach number 
at various tunnel locations is shown in Fig. 8.   Tne levels and trends 
in-the test section free stream as measured on the 10-deg cone are in 
agreement with the values reported in Ref.  2.    The maximum value of 
ACp at M,,, = 0. 75 is known from Ref.  2 to be caused by a very high level 
disturbance at a frequency of 570 Hz.    The level of this maximum dimin- 
ishes on either side of M,,, = 0. 75,  but the frequency is invariant.   A 
comparison of the trends at the other tunnel locations reveals that the 
maximum at Mm = 0. 75 is detected on the 10-deg cone only.    There is a 
maximum detected on the test section wall, but at a reduced Mach num- 
ber of 0. 65.    Note in particular that there is an absence of a maximum 
in the stilling chamber (eliminating a possible upstream source).   Based 
on these data,   it appears that the disturbance at M, = 0. 75 originates in 
the test section region.   A comparison of the test section and com- 
pressor level values is shown in Fig.  9.    Note that the compressor level 
is increasing with Mach number at M«, > 0. 75, whereas the test section 
level is decreasing.   The disturbance could be in the form of an aero- 
acoustic resonance with an upstream forcing function,  but this has not 
been established at this time.    For the present report,  a critical Mach 
number range with respect to fluctuating dynamic pressure levels is de- 
fined as 0. 70 < Mw < 0. 80. 

The effect of total pressure is one of decreasing levels of ACp with 
increasing pressure,  as shown in Fig.  10.   This trend is consistent at 
all Mach numbers,   even in the critical Mach number range.    Note that 
a maximum in ACp of 3. 5 percent occurs at the minimum total pressure 
and that the rate of change of ACp with total pressure is greatest below 

.atmospheric pressure.    Note also that the same trends are indicated at 
all measurement locations. 
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The variation of ACp as a function of unit Reynolds number is shown 
in Fig.   11.    This variation was measured by transducer 8 on the 10-deg 
cone.    The introduction of a body in an airstream to evaluate the effects 
of Reynolds number on the fluctuating dynamic pressures requires that 
the transition Reynolds number of that body in the airflow be considered. 
The aft-most transducer was selected for the evaluation to best ensure 
that the comparative data were all obtained behind the transition point on 
the 10-deg cone.   It was determined in Ref.  2, however, and confirmed 
during the present evaluation, that the levels of ACp did not vary signifi- 
cantly from the front to the back of the cone.   This fact is demonstrated 
in Fig.   12 for ten different Mach numbers.    The variation that is indi- 
cated is about the same in all cases and is attributed to the influence of 
small disturbances from the forward transducers on the aft ones and the 
fact that the two forward transducers (Fig.  3) had a more narrow fre- 
quency bandwidth than the two aft ones.   In addition, the 10-deg cone 
measurements were not corrected for cone surface pressure gradient 
effects,  as discussed in Section 3. 2.    Finally,  it is believed that the level 
of the free-stream pressure fluctuations was sufficient to mask the near- 
field pressure fluctuation effects on the cone,  and thus the true but un- 
corrected free-stream levels were measured. 

The use of auxiliary plenum suction to remove air from the test 
section through the perforated walls requires that a separate or external 
compressor system be used.   This system is known as the Plenum 
Evacuation System (PES) and represents a potential source of energy 
that could contribute to disturbances in the test section.   At the same 
time, it is also possible that the use of auxiliary plenum suction could 
improve the flow quality in the test section and thus reduce the dis- 
turbances in the test section.   It was found in Ref.  3, for instance, that 
the use of auxiliary plenum suction for 0. 40 < M,,, < 0. 60 reduced the 
random noise levels.   In this report, auxiliary plenum suction is meas- 
ured by the fractional weight flow parameter (Wa/Wt>.    The results of 
the evaluation of Tunnel 16T are shown in Fig.   13.    Note that for 
M,,, > 0. 90, the levels of ACp are relatively constant, and that for 
M,,, = 0. 75,  ACp increases slightly with increasing values of Wa/W^.   At 
the same time, the level in the diffuser decreased.    Remembering that 
only the overall rms levels are being considered and that M,,, = 0. 75 is 
a critical Mach number, the increase of ACp with Wa/Wt is most likely 
a result of the aeroacoustic resonance previously suggested.   The re- 
duction of ACp in the diffuser is considered to be indicative of improved 
flow conditions downstream of the test section when plenum suction is 
used. 

The evaluation of the influence of total temperature on the dynamic 
environment is shown in Fig.  14 for T^ = 100,   125,  and 150°F.   It was 
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found that with the exception of a significant variation on the test section 
wall at M,, = 0. 75, the fluctuating pressures were not influenced by total 
temperature. 

A comparison of data obtained from the PWT 16-ft tunnel,  PWT 
4-ft tunnel,  and the  MSFC 14-in. tunnel is presented in Fig.   15.    Note 
that the levels in all tunnels fall within the range of 0. 5 < ACp < 2. 5 per- 
cent and that the Tunnel 16T levels indicated from the present study are 
in very good agreement with the previous levels reported in Ref.  2. 
Figure 15 also indicates that both Tunnel 4T (Ref.  3) and Tunnel 16T 
have a critical Mach number range.   If the sources of these disturbances 
could be eliminated, a considerable improvement in the fluctuating en- 
vironment in these two tunnels would be realized. 

The evaluation of the fluctuating environment in a wind tunnel in- 
evitably leads to the question of what can be considered as acceptable. 
The satisfactory answer to this question requires that the measurement 
and analysis techniques be selected and analyzed and that a suitable 
criterion be applied.    Unfortunately,  however, although the measure- 
ment and analysis techniques can be readily analyzed at this time,   a 
criterion for the evaluation of wind tunnel fluctuating environments does 
not exist.   Thus the only recourse is to perform a relative evaluation 
with other tunnels, such as in Fig.   15.    Based on Fig.  15,  it appears 
that a value of ACp = 0. 5 percent might be considered as a practical 
lower boundary for a criterion at this time. 

SECTION V 
CONCLUSIONS 

The fluctuating pressures throughout the Tunnel 16T circuit have 
been measured and evaluated.    The test section levels were found to be 
in agreement with the levels previously reported in Ref.  2.   It was con- 
cluded that in the test section: 

1. A critical Mach number range exists between 0. 70 
and 0. 80.    Maximum levels of ACp =3.5 percent were 
measured in the test section free stream. 

2. The compressor was not a direct influence on the levels 
in this critical Mach number range. 

3. The influence of total pressure was found to be one of 
decreasing values of ACp with increasing total pressure. 
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There was no significant variation of ACp with total 
temperature. 

The levels in Tunnel 16T compare favorably with the 
levels in Tunnel 4T and the MS FC 14-in. tunnel. 
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